The kidneys can be injured in diverse ways by many drugs, both legal and illegal. Novel associations and descriptions of nephrotoxic effects of common and emerging drugs of abuse have appeared over the past several years. Anabolic androgenic steroids, illicitly used by athletes and others for decades to increase muscle mass and decrease body fat, are emerging as podocyte toxins given recent descriptions of severe forms of FSGS in long-term abusers. Synthetic cannabinoids, a new group of compounds with marijuana-like effects, recently became popular as recreational drugs and have been associated with an atypical form of AKI. 3,4-Methylenedioxymethamphetamine, commonly known as ecstasy, is a widely used synthetic recreational drug with mood-enhancing properties and a constellation of toxicities that can result in death. These toxic effects include hyperthermia, hypotonic hyponatremia due to its arginine vasopressin secretagogue-like effects, rhabdomyolysis, and cardiovascular collapse. Cocaine, a serotonin-norepinephrine-dopamine reuptake inhibitor that serves as an illegal stimulant, appetite suppressant, and anesthetic, also causes vasoconstriction and rhabdomyolysis. Recent adulteration of much of the world's supply of cocaine with levamisole, an antihelminthic agent with attributes similar to but distinct from those of cocaine, appears to have spawned a new type of ANCAassociated systemic vasculitis. This review discusses the nephrotoxic effects of these common and emerging drugs of abuse, of which both community and health care providers should become aware given their widespread abuse. Future investigation into pathogenetic mechanisms associated with these drugs is critical and may provide a window into ways to lessen and even prevent the nephrotoxic effects of these drugs of abuse and perhaps allow a deeper understanding of the nephrotoxicities themselves.
Introduction
The kidneys can be injured in diverse ways by many drugs, both legal and illegal. Susceptibility of the kidneys to such insults is primarily due to their high degree of filtration and their metabolism by the kidneys to potentially toxic byproducts (1, 2) . Over the past several years, novel associations and descriptions of the nephrotoxic effects of common and emerging drugs of abuse have appeared. Here we review the nephrotoxic effects of anabolic androgenic steroids, synthetic cannabinoids, methamphetamines (ecstasy), and cocaine and its levamisole-adulterated counterpart. It is important to point out that this is not a comprehensive review of all renal syndromes associated with drugs of abuse. Other notable nephrotoxic drugs of abuse include older syndromes of heroin nephropathy, toluene-induced renal tubular acidosis, and a more recently described syndrome of AKI seen with bath salts. There is probably a general paucity of data in the literature, partly because of under-reporting of incidents; thus, it is important to recognize this when examining data presented herein with regards to clinicopathologic characteristics and treatment recommendations. The importance of the specific nephrotoxic drugs of abuse reviewed here is highlighted by the widespread use of these drugs and the ever-growing global burden of illicit drug use and dependence (3).
Anabolic Androgenic Steroids Background
Anabolic androgenic steroids (AASs) are a family of hormones that include testosterone as well as its naturally occurring and synthetic derivatives, which have been illicitly used by athletes and other individuals who desire to increase muscle mass and decrease body fat since the 1950s. Damage from years of androgen excess, often 50-100 times physiologic levels (4), may become an increasingly important cause of CKD. A wide range of prevalence estimates generally suggest that at least 3% of young men in Western countries use AASs at some time in their lives (5) . In selected populations, such as weightlifters, up to 44% of those surveyed admit to AAS abuse (6) . More relevant for the nephrologist is the estimate of how many AAS users become long-term abusers who are more likely to develop clinically significant kidney disease. Studies suggest that approximately 30% of AAS users develop dependence and would therefore be at a higher risk for developing the medical consequences of protracted abuse (7) .
Confounding the effort to better define the medical effects of AAS abuse is the high incidence of polypharmacy in AAS abusers. Almost universally, AAS users ingest numerous "nutraceuticals" and dietary supplements, none of which are regulated by the US Food and Drug Administration. Bodybuilders report high protein consumption, sometimes in excess of 500 g/d, and the renal effects of this high metabolic burden are unknown (8) . Nonandrogenic anabolic hormones, such as human growth hormone (9) and insulin (10) , are used with moderate frequency by AAS users to further augment muscle gain. Opioid abuse is common in AAS users, and opioid and androgen dependence may share common neurologic pathways in the brain (4). Cocaine abuse also appears to be common in AAS users, with one survey showing 11.3% of AAS users reporting cocaine use within the past month, compared with 4.7% of non-AAS users with otherwise similar characteristics (11) .
Clinical and Nephropathologic Findings in AAS Abuse
The cardiac, neuroendocrine, and neuropsychiatric effects of AAS abuse are well documented in other reviews (4, 5) . Renal effects of AAS abuse in humans are primarily described in case reports (12) (13) (14) and a single small series (8) . The series featured 10 long-term AAS abusers who presented with variable elevations in serum creatinine (mean, 3.0 mg/dl) and substantial proteinuria (mean, 10.1 g/d; range, 1.3-26.3 g/d). Three of the 10 patients in the series had full nephrotic syndrome, and two additional patients had nephrotic-range proteinuria and hypoalbuminemia but lacked edema. Renal biopsy in these patients revealed FSGS. Four of the 10 patients had perihilar lesions of FSGS, a finding classically seen in hyperfiltration-induced forms of FSGS, but three patients showed collapsing lesions, which are uncommon in the setting of postadaptive forms of FSGS. Electron microscopy showed a mean of 69% podocyte foot process effacement, and five of eight patients had .50% effacement, which is also uncommon in postadaptive FSGS (8, 15, 16) . Figure 1 provides examples of the nephropathologic findings seen in the setting of AAS abuse. These unusual biopsy features suggest that, in addition to the expected metabolic strain that elevated lean body mass and high protein intake places on glomeruli, androgens may be exerting a toxic effect on podocytes.
Treatment
Cessation of AAS is clearly the mainstay of treatment in cases of AAS-associated toxicity. Additional treatment aimed at reducing hyperfiltration injury, such as renin-angiotensin system blockade along with lifestyle modification (including a reduction of strenuous exercise and weight loss), has been reported to help reduce proteinuria and stabilize renal function (8) . No evidence supports the use of immunosuppressive therapies, including corticosteroids. Notably, lifestyle modifications are difficult to sustain for some patients who experience AAS dependence. In the published series of 10 patients, one patient refused to stop AAS altogether, and two stopped for a period of time but then restarted use after experiencing depressive symptoms and body image issues. In one patient, nephrotic syndrome relapsed after resumption of AAS use (8) .
Pathogenesis of AAS-Associated Renal Injury
The mechanism of renal injury in the setting of AAS abuse is not well established and is likely multifactorial.
Hyperfiltration injury is an important factor; patients with markedly elevated lean body mass require an increase in single-nephron glomerular filtration, similar to patients with obesity-related glomerulopathy (16) . Numerous animal models have investigated the influence of sex hormones on the development of renal disease, and they generally show a protective role for estrogens, while androgens either are permissive or accelerate injury (17) . Doublier and colleagues recently developed a mouse model of glomerulosclerosis associated with high testosterone levels. They demonstrated that podocytes express both androgen and estrogen receptors and that in vitro, testosterone can cause podocyte apoptosis, which is blocked by the addition of flutamide (18) . In skeletal and cardiac muscle cells, testosterone signals through the mammalian target of rapamycin pathway (19, 20) . Likewise, the importance of mammalian target of rapamycin signaling in podocytes and in essential podocyte functions, including autophagy (21) and compensatory hypertrophy (22), is increasingly recognized. Future studies aimed at improving understanding of the specific role of androgen signaling in these key podocyte processes are needed to better understand the mechanism of AAS-induced kidney disease.
Synthetic Cannabinoids Background
The synthetic cannabinoids are a group of compounds that have cannabis-or marijuana-like effects. These compounds were originally developed in laboratories for research and drug development; recently, however, they have become popular as recreational drugs. As such, they are solubilized and sprayed onto herbal mixtures and then marketed in the form of incense preparations, bath additives, or air fresheners under a variety of names, such as "Spice" or "K2". These drugs have become widely used for a variety of reasons. They are relatively inexpensive and have been readily available-online and at convenience stores, gas stations, and "head shops". They are often marketed as herbal or natural products and therefore perceived as being safe. Effects of these products are supposed to mimic those of marijuana, and many are purported to give a more intense high than marijuana itself. That they are not detected by routine urine drug screens makes them attractive to people who are required to undergo random testing.
Although recreational use of synthetic cannabinoids is relatively new, these drugs have very quickly become widely available (23) (24) (25) . Eight percent of University of Florida students surveyed in 2010 admitted to having used a synthetic cannabinoid on at least one occasion (26) , and 11.4% of 12th graders in the United States surveyed in 2011 admitting to having used a synthetic cannabinoid within the previous 12 months (27) . D 9 -Tetrahydrocannabinol, the principal psychoactive compound in marijuana, was first synthesized in 1964 (28), and two major cannabinoid receptors were cloned in the 1990s. The cannabinoid type 1 (CB1) receptor, thought to be present mainly in the central nervous system, is responsible for the psychotropic effects of marijuana and other cannabinoids (29) . The CB2 receptor is found in abundance in the immune system, particularly the spleen (30) . Agonists of these receptors stimulate G i/o protein-mediated signal transduction pathways. More recent studies have demonstrated the presence of low concentrations of CB1 receptors in almost all tissues, and CB2 receptors have been found in parts of the brain as well as other organs and tissues. Endogenous cannabinoids have been identified, and the endogenous cannabinoid system is an area of intense investigation in an effort to develop novel therapies for a broad spectrum of diseases. While a detailed discussion of the cannabinoid receptors and the endogenous cannabinoid system is beyond the scope of this paper, further information can be found in the reviews of Howlett and colleagues (31) and Pacher and Kunos (32) .
The synthetic cannabinoids are a group of chemically unrelated compounds that have in common their ability to bind to the cannabis receptors. Several classification schemes have been used, based on chemical structure and the laboratory in which they were discovered. Major categories of the synthetic cannabinoids include (23) the classic cannabinoids (with a dibenzopyran ring), nonclassic cannabinoids (cycloheylphenols), naphthylmethylindoles, naphthopyrroles, naphthylmethylindenes, naphthylindoles, phenylacetylindoles, methanandamine, and other synthetic analogues to the endogenous eicosanoids.
Compounds from most of the classes listed above have been isolated from recreational herbal preparations (23) , and in March 2011, five synthetic cannabinoids were temporarily classified as Schedule I drugs under the Controlled Substances Act (25). Synthetic cannabinoids that are used recreationally are an ever-changing group of compounds, with new drugs appearing as others are declared illegal.
Renal Manifestations of Synthetic Cannabinoid Use
Synthetic cannabinoids became of interest to nephrologists because of reports from local emergency departments and the lay press of AKI among users of these drugs (33, 34) . Bhanushali and colleagues reported four cases of AKI among users of synthetic cannabinoids from northeast Alabama (35) . In response to reports of three cases of AKI among synthetic cannabinoid users in Natrona County, Wyoming, the Wyoming Department of Health launched a collaborative investigation among public health officials from several states, clinicians, and the Arkansas K2 Research Consortium, which identified a total of 16 cases (36). Kazory and Aiyer have reported an additional case (37) . Findings from these publications are summarized below and in Table 1 .
All synthetic cannabinoid users reported were young (median age, 20 years), and all but one were male. Presenting symptoms included nausea and vomiting in all patients and abdominal flank or back pain in 15 (71%). Two patients reported diarrhea. There was a broad spectrum of urinalysis findings; only two patients had normal urinalyses. Renal ultrasonography findings were reported in 17 patients. In five, the findings were unremarkable; 12 showed increased echogenicity without hydronephrosis, including one patient with the additional finding of bilateral symmetrical renal enlargement. Renal biopsies were performed in 13 cases. Because these data were obtained from several publications and were based on chart review, diagnostic criteria used in the histopathologic diagnoses were not standardized; however, 10 of the biopsies showed acute tubular necrosis and three were consistent with acute interstitial nephritis. Five patients required dialysis. Apart from the use of two ibuprofen tablets in one patient with flank pain (37) , no potential precipitating factors for AKI could be identified.
Creatine phosphokinase values, available in only four patients, were not markedly elevated (median, 255 U/L; range, 144-357 U/L). Although follow-up serum creatinine values were not available for most of the patients, renal function improved in at least some of them.
No specific "brand" of synthetic cannabinoid could be implicated, and, where stated, nine distinct street products were named. In a minority of cases, the product or clinical samples were available for analysis (36) . A common finding in the analytes was the synthetic cannabinoid XLR-11, present in five products, two urine samples, and three blood or serum samples. No synthetic cannabinoid could be detected in four blood or serum samples, one urine sample, and one product.
Proposed Mechanisms of Nephrotoxic Effects of Synthetic Cannabinoids
The pathogenesis of AKI among users of synthetic cannabinoids is unknown. The predominance of men with AKI is not surprising because men make up almost 80% of the users of these drugs (38) . Given the history of nausea and vomiting before presentation in every case, ischemic acute tubular necrosis secondary to hypovolemia is a plausible mechanism; however, in the five cases where vital signs were stated, no tachycardia or hypotension was present on presentation. Moreover, where reported, renal function worsened, despite aggressive hydration (37) . Although it is conceivable that some cannabinoid mixtures contain a noncannabinoid nephrotoxic contaminant, an alternative explanation is that some of the synthetic cannabinoids may be inherently nephrotoxic. Low levels of CB1 and CB2 receptors have been demonstrated in renal podocytes, endothelial cells, mesangial cells, and proximal tubules (39) (40) (41) . A pathogenic role involving activation of the CB1 receptor has been demonstrated in experimental models of kidney diseases, such as diabetic nephropathy and cisplatin nephrotoxicity (39, 42) . Thus, it is possible that some synthetic cannabinoids cause derangements in the endocannabinoid system of the kidneys leading to AKI.
Treatment
Treatment for AKI secondary to synthetic cannabinoids has been largely supportive, including fluid resuscitation, given the presenting symptoms of nausea and vomiting and, where indicated, dialysis. Because three of the patients described in the literature had evidence of acute interstitial nephritis, a short course of steroids may also be indicated in such instances.
Methamphetamines (Ecstasy) Background
Ecstasy (3,4-methylenedioxymethamphetamine [MDMA]) is a widely used, Schedule I, synthetic recreational drug first synthesized in 1914 (43, 44) . Estimates are that approximately 39% of college students in the United States have used ecstasy in the past year (45). Typically, the drug is taken in nightclub environments or "rave" parties and has moodenhancing properties, such as causing energy, empathy, and euphoria. Another similar drug used in "party pills," N-benzylpiperazine, leads to similar effects and has similar toxicities (46) . The pattern of toxicity related to ecstasy is idiosyncratic and not usually due to overdose. In fact, first-time users of "typical" dosages may experience serious life-threatening consequences, such as recently seen in two deaths at a music festival in New York City in 2013 (47) .
Most deaths secondary to ecstasy use occur in women and can be accompanied by acute hyperthermia, hyponatremia, cardiovascular collapse, rhabdomyolysis, and even permanent neurologic damage (48, 49) . The direct mechanisms that underlie the toxic actions are difficult to elucidate because ecstasy is not the only drug involved and pills may be adulterated with other compounds. However, likely effects are due to a combination of a serotonin syndrome as well as the drug's sympathomimetic effects and ability to lead to the release of arginine vasopressin (AVP) (50) . In recent years, ecstasy has been associated with a spectrum of nephrotoxic effects, including AKI and hyponatremia (51). These effects are usually seen with the more commonly encountered central nervous system (CNS) effects (Table 2) .
Clinical Manifestations of Ecstasy Use and Underlying Pathogenetic Mechanisms
The clinical syndromes associated with ecstasy use are myriad ( Table 2 ). The drug is usually taken for its effects of euphoria and increased sociability. Adverse effects or toxicities related to its use generally involve greater degrees of CNS and autonomic nervous system activity.
Ecstasy and its related compounds and metabolites lead to release of serotonin, dopamine, and norepinephrine into the CNS (52) . Furthermore, reuptake of these neurotransmitters is also inhibited. Ecstasy has also been documented to lead to the release of AVP, perhaps through the serotonin system (52, 53) .
MDMA undergoes metabolism by both N-dealkylation and O-demethylation followed by catechol-O-methyltransferase catalyzed methylation (52) . The pathway involving O-demethylation exhibits genetic variance in its activity level through the cytochrome P450 isoenzyme CYP2D6 (54) . The significance of this genetic variation is that some people will have slower metabolism and be at risk for greater toxicity (54) . Because the metabolites of MDMA also form inhibitor complexes with the CYP2D6 enzyme, there is the potential for greater toxicity with multiple dosings (54) . Finally, other drugs that are metabolized through this pathway can increase the risk for toxicity. Thus, the user's genetic profiles, as well as interactions resulting from polydrug use, are likely key factors that modulate the individual response to MDMA and clinical outcomes.
AKI has been described in numerous case reports from ecstasy users (55). The absolute incidence of this complication cannot be determined but is probably low. In most cases, AKI is associated with nontraumatic rhabdomyolysis in the setting of hyperthermia, extreme exertion, and volume depletion (51) . Elevations of creatinine phosphokinase are usually pronounced (.100,000 U/L). Although direct nephrotoxic effects of the drug cannot be excluded, there is only one case report of transient proximal tubular dysfunction in an ecstasy user (56) . Thus, AKI is probably not due to a primary nephrotoxic effect.
The most common renal complication of ecstasy use is symptomatic hyponatremia (51) . In these cases, the sodium level at presentation is typically ,130 mEq/L and can be as low as 100 mEq/L. Of note, for public health concerns, most cases occurred in young women who ingested a single dose of ecstasy; in many cases this was the first use of the drug (51) . Hyponatremia with ecstasy is dilutional in nature. Excessive water or other hypotonic beverage intake is a likely culprit. A common occurrence at "rave" parties is the use of "chill out" areas, which feature copious quantities of water or sports beverages. These beverages are consumed readily because of the hot atmosphere and intense physical activity associated with these parties. The effects of amphetamines, which increase the sensation of thirst as well as cause xerostomia, may increase the intake of water as well. However, merely the high intake of fluids is probably not enough to lead to hyponatremia because the kidney can usually excrete free water rapidly enough to match intake (51) . Thus, impairment of renal free water excretion due to elevated AVP levels is the other major factor that ultimately leads to hyponatremia.
Ecstasy is a potent inducer of the secretion of AVP (57) (58) (59) (60) . Henry and colleagues demonstrated that small doses of MDMA (40 mg; common "street dose" is 100 mg) led to a significant increase in AVP levels (from 1.14-1.88 pmol/L to 2.46-9.16 pmol/L) within 1-2 hours after dosing. As expected, this rise in AVP led to a decrease in serum sodium levels, with a concomitant rise in urine osmolality (53) . A more recent study documented a slight fall in serum sodium levels in "rave" attendees who used ecstasy compared with a control group of nonusers (61) .
Acutely, the fall in serum sodium can lead to the devastating complication of cerebral edema. This may be signaled by symptoms such as mental status changes, seizures, and coma. Ultimately, in severe, untreated cases, brainstem herniation may occur, resulting in death. In ecstasy users, there is a preponderance of female patients who have developed life-threatening symptoms (.85% of patients with symptomatic hyponatremia) (51) . The susceptibility of women to the effects of hyponatremia (not specifically in users of ecstasy) may be related to estrogen's effect on inhibiting the cerebral membrane Na-K-ATPase activity. The pump is one of the primary defense mechanisms against the osmotic shifts induced by severe hyponatremia (62).
Treatment
In general, therapy for acute ecstasy-induced adverse events relies on supportive care, including aggressive cooling, correction of electrolytes, and intravenous fluids. Treatment of severe, symptomatic hyponatremia is a medical emergency, and 100-200 ml of 3% saline should be administered as soon as possible. The goal is to reduce the serum sodium concentration by 3-5 mEq/L, which should acutely lower intracranial pressure and improve symptoms (63) .
In milder cases of ecstasy-induced hyponatremia, spontaneous free-water diuresis occurs and therapy may be 
Central nervous system
Mild: Hyperactivity, dry mouth, increased thirst, restlessness, palpitations, dizziness, drowsiness, difficulty concentrating, anxiety, tremor Serious: acute panic attacks, delirium, psychosis Chronic: serotonin depletion leading to depressed mood, potential neurotoxicity with cognitive deficits Cardiovascular Acute: hypertension, tachycardia, arrhythmias, ischemia, and sudden death Chronic: cardiomyopathy Renal Acute: AKI and hyponatremia Musculoskeletal Acute: rhabdomyolysis limited to fluid restriction (51) . In these cases, AVP levels fall quickly and the ability of the kidney to excrete free water returns. It is imperative to continue close monitoring and, if any deterioration is noted, hypertonic saline should be administered at once. The only way to prevent the deleterious effects of ecstasy is avoidance of the drug. Educational efforts are needed so that young individuals understand the toxic effects of this substance of abuse.
Cocaine and Its Levamisole-Adulterated Counterpart Background
Cocaine, one of the oldest and most addictive psychoactive substances in existence, is extracted from Erythroxylum coca leaves. It acts biologically as a serotonin-norepinephrinedopamine reuptake inhibitor (triple reuptake inhibitor) to serve as a stimulant, appetite suppressant, and anesthetic. The two forms of cocaine that are abused are the soluble hydrochloride salt, or powdered, form and the insoluble base or freebase, also commonly known as "crack" (64). Euphoric effects of cocaine can occur through intraoral topical administration along the gums and oral mucosa, inhalation, nasal insufflation, intravenous injection, or even vaginal or anal suppository placement. A recent study estimated that 14-21 million (0.3%-0.5% of the population aged 15-64 years) users exist worldwide, and the highest prevalence of cocaine dependence is in North America (3, 65) .
Clinical Renal Manifestations of Cocaine Use
Nephrotoxic effects of cocaine are numerous and thought to be related to changes in renal hemodynamics and glomerular matrix synthesis, degradation and oxidative stress, and induction of renal atherogenesis (66, 67) . Cocaine is one of many abused drugs that can cause rhabdomyolysis, and this is probably the most common reason for AKI associated with cocaine use (68, 69) . With regard to altering renal hemodynamics, it is known that cocaine causes vascular smooth muscle constriction and inhibits reuptake of serotonin, norepinephrine, and dopamine to promote hypertension and tachycardia (66) . Reports implicate this may be due in part to increased production of endothelin-1, which acts on its cognate receptors located on vascular smooth muscle cells of renal resistance vessels to decrease renal blood flow and GFR (70) (71) (72) . Interestingly, however, a recent, large epidemiologic report examining the association of illicit drug use, including cocaine use, and CKD in the United States found no association with CKD (73) . A possible explanation for this disconnect may be related to the fact that cocaine use is associated with acute and severe hypertension that is only transient in nature and is not considered to result in chronic hypertension (74) . Severe and acute hyponatremia associated with cocaine exposure has been reported, possibly due to stimulation of AVP and subsequent development of a syndrome of inappropriate antidiuretic hormone secretion (75, 76) . Although rare, there are also case reports of cocaine-associated kidney infarction, presumably due to thrombotic or embolic disease, vasospasm, cardiogenic shock, or other forms of occlusive large vessel disease, such as dissection, aneurysmal rupture, trauma, or vasculitis (77-79). Finally, although not closely examined in recent literature, pregnant mothers who abuse cocaine place their fetuses at increased risk in many ways, including untoward and detrimental effects on the urinary system (80) (81) (82) .
Recent Emergence of Levamisole-Adulterated Cocaine
An important and interesting association between cocaine use and the development of a systemic syndrome with renal and nonrenal manifestations has come to light in recent years after the discovery that drug dealers were cutting pure cocaine with levamisole (83) (84) (85) . Levamisole is a nematode-specific nicotinic acetylcholine receptor antagonist that is used as an antihelminthic agent in animals. It was also used as an immunomodulator for minimalchange glomerulopathy and rheumatoid arthritis and was even approved by the Food and Drug Administration in 1991 as adjuvant therapy for colorectal cancer. In 1999, however, it was withdrawn from the market in the United States because of adverse effects, most notably agranulocytosis (86, 87) . Of note, it is still under investigation as a possible therapy for aplastic anemia (88) . An increased incidence of agranulocytosis was first noticed among cocaine abusers in 2008, and toxicologic analysis of urine revealed the presence of cocaine and levamisole (89) . By 2009, levamisole was detected in 69% of cocaine entering the United States that was seized by law enforcement officials (86, 90) . A mini-epidemic of complications related to levamisoleadulterated cocaine use ensued (83, 84, 91) . It is thought that cocaine is cut with levamisole because levamisole is a white, odorless powder that may potentiate euphoria. Furthermore, levamisole is metabolized to aminorex, an anorectic and amphetamine-like stimulant (87) .
The most striking association with levamisole-adulterated cocaine use, based on two key case series, is ANCAassociated vasculitis characterized by constitutional symptoms, arthralgias, and cutaneous necrotizing vasculitis (Figure 2) , with or without pulmonary hemorrhage and/ or pauci-immune focal necrotizing and crescentic GN. Serologically, almost all patients have antimyeloperoxidase (MPO)-ANCA and at least half of all patients also have antiproteinase 3 (PR3)-ANCA. In fact, positivity for both MPO-and PR3-ANCA is now becoming pathognomonic for levamisole-adulterated cocaine exposure (85) . In addition, antinuclear autoantibodies, lupus anticoagulant, and low complement levels are detected in most patients. Although testing for autoantibodies to other neutrophil granule constituents is not routine, it appears that autoantibodies are also formed to human neutrophil elastase, cathepsin G, and lactoferrin (83) (84) (85) . Furthermore, urine detection of cocaine and levamisole is an important diagnostic step. Interestingly, the earliest report of levamisole-induced nephropathy in 1978 described a patient with rheumatoid arthritis treated with levamisole who developed a pruritic rash; leukopenia; thrombocytopenia; circulating immune complexes; proteinuria; and a kidney biopsy with granular mesangial deposits of IgA, IgG, IgM, and C3 and skin biopsy with granular IgM and C3 deposits located in the dermal-epidermal junction, all of which resolved after drug cessation (92) . Therefore, it is important to recognize that levamisole has also been associated with immune complex GN.
Treatment and Future Directions
Treatment of the nephrotoxic effects of cocaine, including levamisole-adulterated cocaine-induced ANCA vasculitis, primarily involves immediate cessation of the causative agent, BP control, and supportive care focused on apparent nephrotoxic effects. Additional treatment modalities for levamisole-adulterated cocaine-induced ANCA vasculitis often include immunosuppression based on disease severity. However, data on efficacy are limited primarily to a single center, Massachusetts General Hospital, where it appears that treatment typically mirrors that of patients with idiopathic ANCA vasculitis and is necessary and effective in severe cases (83) . Furthermore, any potential treatment strategy is limited by struggles with adherence in individuals whose main priorities focus on the use and acquisition of cocaine (85) . More targeted therapeutic options are needed, which will require in-depth mechanistic insights. Mechanistic animal studies could prove to be quite useful. Furthermore, it could also be proposed that levamisole or one of its byproducts, in the setting of cocaine use, could specifically react with MPO and/or PR3 to create neoantigens and spur autoimmunity.
Conclusions
There is an ever-growing global burden of illicit drug use and dependence (3), and multiple reports of late implicate specific illicit drugs as nephrotoxins that were not previously known. Anabolic androgenic steroids, synthetic cannabinoids (also known as "Spice" or "K2"), ecstasy (formally known as MDMA), and cocaine and its levamisole-adulterated counterpart are common or emerging drugs of abuse with severe nephrotoxic effects about which both the community and health care providers should become more aware.
The clinicopathologic characteristics of the illicit drugs reviewed herein can easily be confounded by impurities or adulterants, dose, frequency, and concomitant polypharmacy. In fact, as an example, had levamisole not been discovered in cocaine preparations, investigators and clinicians alike might assume that cocaine itself was causing the untoward effects that are actually due to levamisole. Although rapid recognition, detection, and diagnosis of the associations described with these nephrotoxic drugs of abuse are paramount, it should also be emphasized that the features of untoward renal effects (e.g., timing, duration, and severity of exposure) can easily be modified by confounding impurities, dose, frequency, and concurrent use of other legal and illegal drugs. These confounders, which often remain unknown to medical providers, make prompt diagnosis challenging. Regardless, treatment primarily consists of immediate discontinuation of the offending agent and supportive care depending on disease severity. Future investigation into pathogenetic mechanisms associated with these drugs is critical and may provide a window into ways to impede and even prevent the nephrotoxic effects of these drugs of abuse and perhaps allow a deeper understanding of the nephrotoxicities themselves.
Disclosures D.T.B. is a participant in a multicenter study sponsored by Genzyme (A Sanofi Company). J.L.N. has served as a rituximab-specific advisory board member for Genentech and is currently participating in the Genentech-sponsored RAVER study and receiving clinical research funding from Alexion Pharmaceuticals.
